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[57] ABSTRACT 
Distortion in an optical transmission system is signi? 
cantly reduced by the use of two modulatable optical 
sources with non-ideal transfer functions of electric 
signal to light. The output of the ?rst modulator is sam 
pled and then delayed using an optical delay line. The 
sampled signal is compared with the input signal to 
generate an electrical error signal. This error signal is 
then used to modulate the second optical source. The 
output of this second modulatable optical source is then 
combined with the delayed output from the ?rst optical 
source in ‘a four-port optical coupler in such a way that 
the departures from linearity (which form the error 
signal) are removed on both outputs of the coupler, 
giving two optical outputs which possess a linear trans 
fer function of electric signal to light through the entire 
system. The ?rst optical source is chosen to have high 
power and low noise. The second source is chosen to be 
low power, moderate noise. The error signal generator 
and ratio of optical powers are chosen such that most of 
the ?nal optical output comes from the ?rst optical 
source, giving a linear, high power, low noise optical 
signal at the output of the system. Suitable modulatable 
sources include diode pumped Nd-YAG lasers with 
waveguide Mach-Zehnder modulators, and laser di~ 
odes. This method may be used in a modulating system 
and a transmission system for analog signals. 

25 Claims, 3 Drawing Sheets 
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MODULATED LIGHT SOURCE WITH A LINEAR 
TRANSFER FUNCTION AND METHOD 

UTILIZING SAME 

This is a continuation-in-part of copending applica~ 
tion entitled “Modulated Light Source With A Linear 
Transfer Function”, having Ser. No. 07/493,458, frled 
in the name of Robert J. Plastow on Mar. 14, 1990, 
pending, the disclosure of which is incorporated herein 
by reference. 

BACKGROUND ART 

The overall scheme for reducing distortion by adding 
an error signal to the delayed output of a nonlinear 
device resembles electrical feedforward schemes, and 
operates under the same constraints in terms of required 
phase and amplitude marching in the signal and error 
paths. The difference is the use of light, and optical 
components, rather than electricity. A second differ 
ence is the system is used to produce a modulated (opti 
cal) signal rather than amplify an existing modulated 
(optical) signal. 
A “quasi-feedforward” approach using two modu 

lated optical devices with identical transfer functions 
has been previously demonstrated with light emitting 
diodes (Strauss, Electronics Letters 13, 158 (1977)). 
A feedforward approach using two identical laser 

diodes has been demonstrated, where the main signal 
and error signal are sent over two separate ?bers to two 
separate receivers, and then combined in a single elec 
trical output (Franckart, ECOC 83, European Confer 
ence On Optical Communications, Elsevier Science 
Publishers, 1983, pp. 347-350). 
Compared to the present invention, this use of two 

identical sources increases the received noise signi? 
cantly. Two laser diodes used this way are not capable 
of obtaining the required 55 dB carrier to noise ratio 
with 80 channels of C.A.T.V. signals in a 550 MHz 
bandwidth, with the required —65 dB composite distor 
tion products. The use of two diode pumped Nd-YAG 
or Nd-YLF lasers and two Mach-Zehnder modulators 
would not be an economical solution. 

Also in contrast to the present invention, only one 
optical output is provided, divided between two optical 
?bers which must both be present at the receiver to 
generate the single electrical output. 

Additionally, any change in optical length or attenua 
tion of the two ?bers will affect the main signal and the 
error signal unequally, and reduce the distortion cancel 
lation. This is particularly true of optical length, where 
a relative change of a few inches in a 10 mile link would 
degrade system performance by 10 dB or more. In con 
trast, in the present invention, both the main signal and 
the error signal travel over the same ?ber and are af~ 
fected equally, leading to no system degradation. 
A feedforward approach using two identical optical 

sources, each consisting of a diode laser and a Mach 
Zehnder interferometer, has recently been published 
(Ridder et 111., Technical Abstract, Optical Fiber Com 
munication Conference, San Francisco 1990). This ex 
hibits unacceptable noise performance for cable televi 
sion, due to the low launch power and high noise of 
diode lasers. It would not be possible, without modi?ca 
tion, to implement such a system with diode-pumped 
high power, low noise Nd-YLF lasers. This is because 
coherent interference at the optical combiner from two 
such lasers of the same wavelength would add noise to 
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the signal. This could be avoided by the use of Nd-YAG 
and Nd-YLF lasers of different wavelengths or the 
addition of wavelength selective elements to the Nd 
YAG cavity, but the use of two diode pumped lasers 
instead of one signi?cantly increases the cost of the 
system compared to the invention described here. 
Again, in contrast to the present invention, only one 
optical output is provided, the remaining optical power 
being wasted in a three port combiner. 

SUMMARY OF THE INVENTION 

The purpose of the invention is to provide a light 
source whose output intensity varies linearly as a func 
tion of an input electrical signal carrying video (or 
other) information at frequencies in excess of several 
hundred megahertz. The output of the light source is 
fed into an optical ?ber and carried as an amplitude 
modulated signal, in contrast to prior art designs which 
primarily use frequency modulation of a subcarrier to 
avoid problems due to the non-linearity of the light 
source modulators available. 

This invention speci?cally provides two identical 
optical outputs which utilize all the available optical 
power. Each output can be sent to a separate receiver, 
thus providing two optical transmission links from one 
transmitter, which has been found superior to other 
previously disclosed methods. 
The invention comprises: 
1) a ?rst modulatable optical source with a non-ideal 

transfer function, such as a waveguide Mach-Zehnder 
interferometer or a laser diode; 

2) an optical delay line to delay the output of the ?rst 
optical modulator; 

3) an error signal generator which compares the non 
ideal signal from the ?rst optical source with the origi 
nal input signal and provides an error signal output; 

4) a second, different, modulatable optical source 
which is modulated by the output of the error signal 
generator; and 

5) a 4-port optical combiner, which combines equal 
amounts of the delayed optical signal from 1) with the 
modulated optical output from 4) on each output, in 
such a way that the departures from linearity (which 
form the error signal) are removed in both outputs, 
giving a linear, transfer function of electrical signal to 
light through the system. 
The ?rst optical source is chosen to have high power 

and low noise. The second source is chosen to be low 
power, moderate noise. The error signal generator and 
the ratio of the source optical powers are chosen such 
that the majority of the ?nal optical output comes from 
the ?rst optical source, giving a linear, high power, low 
noise optical signal at the two outputs of the system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will now be described in greater detail, 
and by way of example, with reference to the accompa 
nying drawings, in which: 
FIG. 1 is a general schematic of the invention, and 
FIGS. 2 and 3 are more detailed schematics of two 

alternative versions of the preferred embodiment of the 
invention. 

Similar components in FIGS. 1, 2, 3, are given the 
same reference numerals. Where FIGS. 2, 3 give a more 
detailed listing of components than FIG. 1 these com 
ponents are given new reference numerals. 
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2) Single mode optical ?ber 2. 
DETAILED DESCRIPTION OF THE . . _ 

INVENTION 3) A method 10 to divert a proportion of the modu 

The prior art in ?ber optic transmission systems has 
utilized a variety of different devices to perform the 
function of transforming the input electrical signal into 
the transmitted optical signal. Such devices include 
laser diodes, light emitting diodes and waveguide 
Mach-Zehnder interferometers. All of these devices 
have a non-ideal transfer function from electrical signal 
to optical signal. This leads to added distortion in the 
transmitted signal. - 

In the prior art, the presence of this added distortion 
meant that either a low speci?cation had to be placed on 
the linearity of the complete system, reducing its area of 
application, or the electrical signal had to be ?rst con 
verted into a form that was insensitive to added distor 
tion. Such forms include digital coding and frequency 
modulated subcarrier. This increased the cost of the 
complete system and restricted the format of the incom 
ing signals that it was able to accept. 
There exists a speci?c requirement for transmission of 

signals in high performance cable television (CATV) 
systems in an amplitude modulated vestigial sideband 
(am-vsb) format, where the linearity requirements can 
not be met by the prior art. This invention is designed to 
perform this function, but is equally applicable to the 
transmission of any modulated electrical signal through 
optical ?ber. 
The prior art also includes the demonstration of the 

technique of optical feedforward using two identical 
modulated optical sources. This was not capable of 
meeting the speci?c requirement for high performance 
cable television systems. 
The invention is shown in FIG. 1. 
The invention comprises: 
1) a ?rst modulatable optical source 1 with a non 

ideal transfer function, such as a waveguide Mach 
Zehnder interferometer or a laser diode; 

2) an optical delay line 2 to delay the output of the 
?rst optical modulator; 

3) an error signal generator 3 which compares the 
non-ideal signal from the ?rst optical source 1 with the 
original input signal 6 by means of a signal divider 7 and 
provides an error signal output; 

4) a second, different, modulatable optical source 4 
which is modulated by the output of the error signal 
generator 3; and 

5) a 4-port optical combiner 5, which combines equal 
amounts of the delayed optical signal from 1 with the 
modulated optical output from 4 on each output, in such 
a way that the departures from linearity (which form 
the error signal) are removed in both outputs 8, 29, 
giving a linear transfer function of electrical signal to 
light through the complete system. 
The ?rst optical source 1 is chosen to have high 

power and low noise. The second source 4 is chosen to 
be low power, moderate noise. The error signal genera 
tor 3, optical combiner 5, and the ratio of the source 
optical powers are chosen such that the majority of the 
?nal optical output power comes from the ?rst optical 
source, giving a linear, high power, low noise optical 
signal at the two outputs 8, 29 of the system. 

PREFERRED EMBODIMENT 

The preferred embodiment is shown in FIG. 2. It 
comprises: 

1) A waveguide Mach-Zehnder interferometer 9. 
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lated light, followed by a detector 11 to convert this 
light 12 to electric current 13, followed by an ampli?ca 
tion stage 14, followed by a directional coupler 15, or 
similar, to subtract a sample of the input signal 6, fol 
lowed by a second amplifier 16 to drive the second 
modulatable optical source 17. 

4) A semiconductor diode laser 17. 
5) A 4-port optical coupler 5. 
The “method of diverting a proportion of the input 

signal” referred to above can be either a conventional 
y-splitter 10, either using planar waveguides or optical 
?ber, or a directional coupler output on the Mach 
Zehnder interferometer 18. ' 

The unmodulated optical input is obtained from, for 
example, a diode-pumped Nd-YLF laser operating at 
1313 nm. This shows high output power and low noise. 
The second optical source 4 (e.g. diode laser 17) is 
chosen to have a different wavelength to the ?rst opti 
cal source 1, to avoid coherent interference. As de 
scribed below, it can have low power and high noise 
compared to the ?rst optical input 19. The error signal 
generator is an electrical directional coupler 15, e.g. 
minicircuits TDC-l0-2. As described below, other com 
ponents are equally valid. 
The object‘is to obtain a sufficiently linear transfer 

function with sufficient modulated optical power emit 
ted from the system to overcome noise in both the trans 
mitter and the eventual receiver, such that the required 
signal: noise ratio and linearity is obtained. The more 
nearly the transfer function approaches linear, the 
larger the amount of the total optical power that can be 
modulated for any given distortion level, and therefore 
the larger the eventual received electrical signal. 
Equally, for any ?xed modulation depth, the larger the 
total optical power the larger the received modulated 
electrical signal. 
The advantage of using a Mach-Zehnder waveguide 

interferometer 9 is that the total optical power 20 can be 
made arbitrarily large, independent of the modulation 
depth, as it does not depend on the modulator 9, but on 
the input light source 19. For the same reason, the noise 
associated with the optical signal 20 (relative intensity 
noise, R.I.N.) can be made arbitrarily small. However, 
the transfer function is not linear, but instead has the 
form L=l+cos V, where L is proportional to light _ 
amplitude, and V proportional to voltage 21. This limits 
the amount of modulated light for any given distortion. 
The purpose of the invention is to generate an optical 

error signal 22 which is combined with the delayed 
optical signal 23 in such a way as to remove this distor 
tion without signi?cantly reducing the power and noise 
performance of the system, and in a cost effective man 
ner. In particular, the invention utilizes all the optical 
power from both optical sources 22, 23 to economically 
provide two separate optical outputs 8, 29 both contain 
ing the correct ratio of main signal and error signal 
required to provide linear operation. 

This is achieved by the use of a high power, low noise 
laser as the input 19 to the first optical modulator 9, and 
a low power, relatively high noise laser diode 17 as the 
second modulatable source 4, and a 4-port, 50--50 opti 
cal combiner 5 to provide the outputs 8, 29. 
The method (at 10 in FIG. 2 or at 18 in FIG. 3) of 

diverting the optical signal, and of combining 5 the 
delayed optical signal 23 with the optical error signal 



5,289,550 
5 

22, is chosen such that the ?nal optical outputs 8, 29 
consist mostly of light from the ?rst optical source 19. 
The two stages of ampli?cation 14, 16 are chosen 

such that the error signal 22 is suf?ciently large to can 
cel the distortion. This requires that the error signal 22 
be a larger proportion of the total light output from the 
second optical source 4 (e.g. laser diode 17) than the 
distortion is a proportion of the total light from the ?rst 
optical source 1 (e.g. 19, 9). It is advantageous that this 
second source 4 be more linear than the ?rst 1, in order 
to faithfully reproducethe electrical error signal 26. 
However, as the distortion is typically at least 45 dB less 
than the signal, considerable ampli?cation of the error 
signal is possible, even with a non-linear second optical 
source. 

The noise contribution of the two sources 1, 4 to the 
?nal signal 8, 29 is proportional to the amount of light 
from each source in the ?nal output. As the second 
optical source 4 is a small fraction of the total outputs 8, 
29, it can exhibit a high relative intensity noise (R.I.N.) 
without degrading the ?nal signal. This is an important 
feature of the invention. . 

Plastow, in the parent to this application (Ser. No. 
07/493,458, ?led Mar. 14, 1990), pending, utilized this 
feature to provide a high power, low noise, low distor 
tion, single output optical transmitter which could use a 
very low power, high noise optical source as the second 
optical source. This was achieved in part by combining 
a small fraction of the second source with a large frac 
tion of the main signal in a three-port optical combiner. 
This is advantageous if the requirement is for a single 
optical transmission link, where the received carrier to 
noise performance is improved if more power is pro 
vided by the main signal. 
However, if multiple transmission paths are required, 

the use of a three port coupler in this fashion is not 
desirable. This is because the three port coupler is inher 
ently a symmetric, four-port coupler in which one out 
put is not used. Thus if, for example, 15% of the second 
modulatable source is coupled into the output ?ber, 
15% of the delayed main signal and 85% of the second 
modulatable source are coupled into the unused fourth 
port and'wasted. In this instance the fourth port can not 
be used as an output. This is because the ratio of main 
signal to error signal will not be the same as in the 
designated output port 8, and therefore only one output 
8 will correctly provide linear, low distortion transmis 
sion. 

In the invention described here the three port coupler 
is replaced by a four-port coupler designed to have a 
50:50 split ration at both wavelengths used. In this case, 
both outputs 8, 29 contain exactly half of both inputs 22, 
23, and therefore the ratio of error signal to main signal 
is the same in both outputs 8, 29 and both can provide 
linear, low distortion transmission. The output in any 
one ?ber is in general less than in the prior Plastow 
disclosure described above, but the total output is 
greater as there is now no optical signal wasted in the 
coupler 5. This makes the invention advantageous for 
systems which use the transmitter output to go to multi 
ple receivers. 
The total power in each output 8, 29 will in general 

contain a greater proportion of the second modulatable 
source 4 than in the prior Plastow invention. This re 
quires that the relative intensity noise of this source 
must be less than before if it is to make the same contri 
bution to total noise. However, the total power from the 
?rst source 1 is in general considerably greater than that 

15 

20 

25 

30 

35 

40 

45 

55 

60 

65 

6 
from the second source 4. The noise of the second 
source 4 can therefore be correspondingly higher be 
fore it starts to dominate, and therefore only moderate 
noise performance is required of this second source 4. 
Compared to the use of the prior Plastow invention, 

the requirements on linearity of the second source 4 are 
further reduced, as the greater proportion of coupled 
power from this source means that the same modulated 
optical signal in the outputs 8, 29 can be produced by a 
smaller electrical signal 26, which will cause less distor 
tion of this second source 4. 
As in the previous invention, the Mach-Zehnder 

modulator can also be utilized to maximize the optical 
power in the error signal and reduce the required ampli 
?cation. If the y-coupler 10 of the interferometer is 
replaced by a directional coupler 18 (FIG. 3) the trans 
fer function of the upper output 24 has the form l+cos 
V, while the function of the lower arm 25 has the form 
l-cos V. Therefore, the required sample optical signal 
can be obtained from one arm 25 by simply inverting 
the detected optical signal 28, without reducing the 
amplitude of the output signal 24 in the other arm (the 
inverting function can be performed by the directional 
coupler 15). This gives a sample signal 27 as large as the 
output signal 24. 

It should be noted that wherever Mach-Zehnder 
interferometers are used it will be necessary in practice 
to use conventional feedback schemes to correct for 
drift of the bias point and period of the transfer func 
tion. 
A feature of this invention and the previous Plastow 

invention is that the optical delay line 2 is required to 
equalize the delay of the main signal 23 and error signal 
22 such that they both combine at the receiver detector 
at the same time. As the two signals are at different 
optical wavelengths they will in general travel down 
optical ?ber at different speeds due to ?ber dispersion. 
Therefore, the delay line 2 will in general be of different 
length for different length ?ber transmission paths. This 
invention therefore requires that either the two optical 
outputs 8, 29 are sent down equal dispersion ?ber 
lengths, or that the product of ?ber dispersion and 
wavelength difference gives a time delay that still pro 
vides acceptable distortion cancellation. For a signal 
bandwidth of 500 MHz, an acceptable +/—2 degrees 
error in arrival time of the two signals, a 3 nm wave 
length difference around l3l3 nm, and the dispersion of 
typical ?ber, the allowed difference in link length for 
the two output paths is about +/ — 3 km, which is quite 
acceptable. 
Although the invention has been described with ref 

erence to particular embodiments, features, materials of 
construction and the like, these are not intended to 
exhaust all possible features, and indeed many other 
modi?cations and variations will be ascertainable to 
those of skill in the art. 

I claim: 
1. An apparatus for optically transmitting an input 

signal with reduced distortion, comprising: 
a ?rst modulatable optical source, having substan 

tially high power and substantially low noise char 
acteristics, for receiving the input signal and for 
outputting an optical signal; 

an optical delay for delaying the optical signal; 
an error signal generator for receiving both the input 

signal and the optical signal, and for outputting an 
error signal indicative of a difference between the 
input signal and the optical signal; 
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a second modulatable optical source, having substan 
tially moderate power and noise characteristics, for 
receiving the error signal and for outputting an 
optical error signal; and 

means for combining the optical signal and the optical 
error signal to provide at least one optical output 
signal with reduced distortion as compared with 
the optical signal, the optical output signal pow 
ered mainly by the optical signal. 

2. The apparatus of claim 1 wherein said ?rst optical 
source comprises a waveguide Mach-Zehnder interfer 
ometer. 

3. The apparatus of claim 1 wherein said Mach 
Zehnder interferometer is biased near its most linear 
region with a test signal in a feedback loop. 

4. The apparatus of claim 1 wherein said ?rst optical 
source comprises a diode pumped laser selected from 
the group comprising Nd-YAG and Nd-YLF lasers. 

5. The apparatus of claim 1 wherein said second opti 
cal source comprises a laser diode. 

6. The apparatus of claim 1 wherein said error signal 
generator comprises a photodetector and an electrical 
directional coupler. 

7. The apparatus of claim 1 wherein said optical delay 
comprises an optical ?ber, and comprising means for 
adjusting said optical delay to compensate for disper 
sion in the optical output signal. 

8. The apparatus of claim 1 comprising means for 
delaying the error signal to compensate for operation of 
said optical delay. 

9. The apparatus of claim 1 comprising at least one 
optical ?ber connectable with said optical combining 
means for transmitting the optical output signal. 

10. The apparatus of claim 1 comprising at least one 
remote optical receiver for receiving the optical output 
signal. 

11. An apparatus for optically transmitting an input 
signal comprising: 

a ?rst modulatable optical source for receiving the 
input signal and for outputting an optical signal; 

an optical delay for delaying the optical signal; 
an error signal generator for receiving both the input 

signal and the optical signal, and for outputting an 
error signal indicative of a difference between the 
input signal and the optical signal; 

a second modulatable optical source for receiving the 
error signal and for outputting an optical error 
signal; and 

a four-port optical combiner for combining the opti 
cal signal and the optical error signal to provide 
two optical output signals. 

12. The apparatus of claim 11 wherein said ?rst opti 
cal source comprises a waveguide Mach-Zehnder inter 
ferometer biased near its most linear region. 

13. The apparatus of claim 11 wherein said ?rst opti 
cal source comprises a diode pumped laser and said 
second optical source comprises a laser diode. 

14. The apparatus of claim 12 wherein said optical 
delay comprises an optical ?ber, and comprising means 
for adjusting said optical delay to compensate for dis 
persion in the optical output signal. 

15. The apparatus of claim 11 comprising means for 
delaying the error signal to compensate for operation of 
said optical delay. 
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8 
16. The apparatus of claim 11 comprising at least one 

optical ?ber connectable with said four-port optical 
combiner for transmitting the optical output signal. 

17. The apparatus of claim 11 comprising at least one 
remote optical receiver for receiving the optical output 
signal. 

18. A method for optically transmitting an input sig 
nal with reduced distortion, comprising the steps of: 

providing a substantially high power optical source; 
providing a substantially low power optical source; 
generating a substantially high power optical signal 
by modulating the substantially high power optical 
source with the input signal; 

delaying the optical signal; 
producing an error signal by comparing the input 

signal with the optical signal; 
generating a substantially low power optical error 

signal by modulating the substantially low power 
optical source with the error signal; and 

combining the substantially high power optical signal 
and the substantially low power optical error signal 
to provide at least one optical output signal with 
reduced distortion as compared with the optical 
signal. 

19. The method of claim 18 wherein the producing 
step comprises converting the optical signal to an elec 
trical signal, and subtracting the electrical signal from 
the input signal. 

20. The method of claim 18 wherein the delaying step 
comprises transmitting the optical signal through an 
optical ?ber, and including the step of adjusting the 
delaying step to compensate for dispersion in the optical 
output signal. 

21. The method of claim 18 including the steps of 
delaying the error signal to compensate for the delaying 
of the optical signal. 

22. The method of claim 18 comprising the step of 
transmitting the optical output signal. 

23. The method of claim 18 comprising the step of 
receiving the optical output signal. 

24. The method of claim 18 wherein the combining 
step comprises providing two optical output signals of 
substantially equal power. 

25. An apparatus for optically transmitting an input 
signal with reduced distortion, comprising: 

a ?rst modulatable optical source, having substan 
tially high power and substantially low noise char 
actcristics, for receiving the input signal and for 
outputting an optical signal; 

an optical delay for delaying the optical signal; 
an error signal generator for receiving both the input 

signal and the optical signal, and for outputting an 
error signal indicative of a difference between the ' 
input signal and the optical signal; 

a second modulatable optical source, having substan 
tially moderate power and noise characteristics, for 
receiving the error signal and for outputting an 
optical error signal; and I 

means for combining the optical signal and the optical 
error signal to provide at least one optical output 
signal with reduced distortion as compared with 
the optical signal; and 

the ?rst optical source with a waveguide Mach 
Zehnder interferometer. ' 
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